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European	beech	 forests,	 retention	of	 trees	with	F. fomentarius	 and	promoting	 its	
recolonization	where	it	had	declined	seems	a	promising	conservation	strategy.




Most	 parts	 of	 the	 temperate	 zone	 of	 Europe—from	 the	 Iberian	
Peninsula	 to	 the	 Black	 Sea	 and	 from	 southern	 Italy	 to	 southern	
Sweden—are	naturally	 covered	by	 forests	dominated	by	European	
beech	Fagus sylvatica (Figure	1).	 These	 forests,	 however,	 have	de‐




been	 reinforced	 by	 large‐scale	 clear‐cutting	 of	 old‐growth	 beech	


















reflecting	 different	 underlying	 mechanisms.	 European	 beech	 was	
one	 of	 the	 last	 tree	 species	 to	 recolonize	 central	 and	 northern	
Europe	from	its	major	refugia	in	southern	Europe	after	the	last	gla‐
ciation	and	 is	 still	 expanding	 its	 range	 towards	 the	north	and	east	












These	natural	drivers	of	community	 structure	 in	beech	 forests	
interact	 with	 anthropogenic	 factors.	 Forest	 clearing	 and	 forest	
management	 have	 been	 more	 intense	 in	 western	 than	 in	 eastern	
Europe	resulting	in	a	gradient	of	habitat	loss	of	natural	beech	forest	












































tarius has	 a	much	 larger	 range	 than	 European	 beech	 covering	 the	




it	 can	efficiently	break	down	 lignocellulose	and	contributes	 to	 the	
death	of	weakened	 living	 trees,	 thus	promoting	natural	 forest	 dy‐
namics	(Butin,	1989).	Its	fruitbodies	and	the	created	dead	wood	are	
habitat	 for	many	arthropod	 species	 (Schigel,	 2012).	Their	 commu‐
nity	composition	is	largely	affected	by	the	physical	conditions	of	the	
fruitbodies	which	change	with	ongoing	decomposition	(Dajoz,	1966;	
Reibnitz,	 1999;	Thunes	&	Willassen,	 1997).	 Thus,	 in	 order	 to	 cap‐
ture	 the	whole	 local	 community	 occurring	 in	F. fomentarius differ‐
ent	stages	of	decomposition	have	to	be	taken	into	account	(Graves,	
1960).
Trees	 colonized	by	 the	 fungus	have	been	 suggested	 as	 a	 focal	
habitat	 for	 biodiversity	 conservation	 in	 beech	 forests	 (Larrieu	
et	 al.,	 2018;	Müller,	 2005).	 However,	 due	 to	 centuries	 of	 logging	
and	 direct	 persecution	 for	 phytosanitary	 reasons,	 populations	 of	
this	 fungus	have	declined	or	became	 locally	extinct	 in	many	areas	
(Vandekerkhove	et	al.,	2011;	Zytynska	et	al.,	2018).	To	guide	con‐
servation	planning	and	strategies	 in	European	beech	 forests,	 such	






In	 this	 study,	we	 reared	arthropods	 from	 fruitbody	 samples	of	





we	 expected	 (a)	 decreasing	 alpha	diversity	 and	 increasing	nested‐
ness	with	latitude	due	to	the	recolonization	history	of	beech,	(b)	de‐
creasing	alpha	diversity	and	 increasing	nestedness	 from	east‐west	





2.1 | Collection of Fomes fomentarius fruitbodies
We	 collected	 fruitbodies	 from	 61	 beech‐dominated	 forest	 sites	




from	some	parts	of	 the	distributional	 range,	 for	example	southern	
England,	where	F. fomentarius is	almost	absent	for	historical	reasons	
(Abrego,	 Christensen,	 Bässler,	 &	 Ainsworth,	 2017).	 Sites	 were	 lo‐
















In	 addition,	we	 collected	 samples	 of	 living	 fruitbodies	 to	 anal‐








“sample”)	 were	 put	 into	 a	 cardboard	 box	 (25	cm	×	25	cm	×	50	cm)	
in	 an	 unheated	 well‐ventilated	 storage	 room	 with	 a	 seasonal	
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2.3 | Arthropod identification and classification
Reared	 arthropod	 specimens	 were	 stored	 in	 ethanol	 and	 beetles	
were	 determined	 to	 species	 level	 by	 taxonomists.	 The	 remaining	
fauna	 was	 identified	 by	 metabarcoding	 using	 next‐generation	 se‐
quencing	 carried	 out	 by	 Advanced	 Identification	Methods	 GmbH	
(Munich,	Germany;	for	details,	see	Supporting	information	Appendix	
S1).	Arthropod	sequences	were	matched	against	the	publicly	avail‐
able	 DNA	 barcode	 library	 within	 the	 Barcode	 of	 Life	 (BOLD—






However,	 since	 this	 includes	 species	 that	 do	 not	 interact	 directly	


















































To	estimate	 the	overall	 species	 pool,	we	 calculated	 the	Chao2	
estimator,	 as	 implemented	 in	 the	 vegan	 package	 version	 2.4–3	
(Oksanen	 et	 al.,	 2018).	 The	 Chao2	 estimate	 is	 a	 function	 of	 spe‐
cies	occurring	once	or	twice	in	the	dataset	and	offers	robust	lower	
bound	 estimation	 for	 species	 richness	 based	 on	 incidences	 under	
the	assumption	that	rare	species	have	similar	detection	probabilities	
(Chao,	 1987).	 Calculations	were	 based	 on	 data	 for	 all	 species	 and	
separately	for	fungi	specialists	and	each	trophic	guild	(i.e.,	consumer,	
predator	 and	parasitoid)	 on	 the	52	 sites.	 In	 addition,	we	used	 the	
rarefaction–extrapolation	 framework	 based	 on	 species	 incidences	
across	all	sites	(Chao	et	al.,	2014).	We	used	Hill	number	of	the	orders	
0	 (species	 richness),	 1	 (the	 exponential	 of	 Shannon's	 entropy)	 and	
2	 (the	 inverse	of	Simpson's	concentration)	 to	analyse	 the	diversity	
of	 rare	and	common	species	within	one	 framework.	We	used	999	
replicated	bootstraps	 to	calculate	confidence	 intervals	 around	 the	
species‐accumulation	 curves	 using	 the	 iNEXT	 package	 (Hsieh,	Ma,	
&	Chao,	2016).
Alpha	diversity	was	calculated	as	the	number	of	species	per	site.	







servation‐level	 random	 effect	 or	models	with	 a	 negative‐binomial	
error	distribution	did	not	alter	the	main	results.	The	models	included	
alpha	diversity	as	 the	dependent	variable	and	space	 (latitude,	 lon‐
gitude),	climate	(mean	temperature,	temperature	seasonality,	mean	
precipitation,	precipitation	seasonality)	and	habitat	amount	 (forest	









to	 the	 resulting	 ordination	 as	 implemented	 in	 the	 envfit function	
using	 the	vegan package.	 In	 addition,	we	performed	 an	 analysis	 of	
similarity	in	order	to	test	for	group	differences	in	community	com‐
position	 among	 managed	 and	 unmanaged	 sites,	 as	 well	 as	 among	
biogeographical	regions	again	using	vegan (see	Supporting	informa‐
tion	Appendix	S3	for	further	details).	Furthermore,	we	decomposed	
beta	 diversity	 in	 its	 turnover	 and	 nestedness	 components	 based	








for	 beta	 diversity,	 we	 calculated	 generalized	 dissimilarity	 models	
(GDMs)	as	implemented	in	the	gdm	package	(Manion	et	al.,	2017)	for	
total	beta	diversity,	and	turnover	and	nestedness	components	sep‐
arately.	GDMs	allow	 the	analysis	of	 spatial	 patterns	of	 community	




















ties.	Here,	we	 used	Bray–Curtis	 dissimilarities	 and	 decomposed	 it	
into	the	two	components	based	on	balanced	variation	in	abundance	





In	 total,	we	 identified	216	arthropod	 species	emerging	 from	 fruit‐
bodies	 of	F. fomentarius	 from	52	 sites.	 Species	 belonged	 to	13	or‐
ders,	 with	 highest	 species	 richness	 found	 in	 Diptera	 (n	=	72)	 and	
Coleoptera	(n	=	71;	Figure	2;	Supporting	information	Appendix	S2).	
The	majority	of	 taxa	 (n	=	179)	could	be	assigned	to	species	by	 the	
taxonomist	or	by	alignment	of	operational	taxonomic	units	 (OTUs;	
see	Supporting	 information	Appendix	 S1)	with	 existing	databases.	
The	remaining	37	OTUs	not	assigned	to	a	species	were	mostly	mem‐










Chao2	estimators	 indicated	 an	overall	 species	 pool	 of	 587	 (SE	
=103)	 for	 all	 species,	 249	 (SE	 =181)	 for	 fungi	 specialists,	 402	 (SE	
=104)	 for	 consumers,	 163	 (SE	=43)	 for	 predators	 and	42	 (SE	=24)	
for	 parasitoids	 associated	 with	 F. fomentarius	 in	 European	 beech	
forests.	 The	 observed	 effective	 number	 of	 typical	 species	 (q	=	1)	
was	87,	while	 the	observed	effective	number	of	dominant	species	
(q	=	2)	was	44	 (Supporting	 information	Appendix	S3,	 Figure	S3.3).	
Many	of	the	dominant	species	were	consumers,	such	as	beetles	of	
the	 family	 Ciidae,	 the	 Tenebrionidae	 Bolitophagus reticulatus, the	
micro‐moth	Scardia boletella	and	Cecidomyiidae	sp.3	(Figure	3).	The	
most	 frequent	 parasitoids	 were	 the	 hymenopterans	 Astichus	 spp.	
and	a	scuttle	fly	(Phoridae).	Beetles	included	four	species	considered	
to	be	 “primeval	 forest	 relicts”	 (Eckelt	 et	 al.,	 ),	 namely	Bolitophagus 
interruptus, Bolitochara lucida, Teredus cylindricus and Philothermus 
evanescens,	 which	 were	 each	 found	 at	 one	 site	 (Slovenia,	 France,	
southern	Italy	and	Sweden,	respectively).
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Considering	all	arthropods,	 the	mean	species	number	per	site	




26%	 for	 the	 fungi	 specialists	 (Figure	 4).	 The	 explained	 deviance	
decreased	 from	consumers	 (22%)	 to	predators	 (16%)	and	parasit‐
oids	(6%)	correlated	to	the	number	of	species	of	the	trophic	guilds	









































increased	with	 fungal	 sample	 size	 as	 the	 range	 in	 sample	 size	was	
considerably	 higher	 across	 all	 61	 sites	 (Figure	 5b)	 than	 across	 the	
subset	 of	 52	 sites	 (Figure	 5a).	 Beetle	 community	 composition	was	
F I G U R E  3  Rank‐incidence	plot	of	all	216	arthropod	species	
reared	from	fruitbodies	of	Fomes fomentarius	from	52	beech‐
dominated	forest	sites	across	Europe
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affected	 by	 dissimilarity	 in	 sample	 size	 and	 longitude.	 Here,	 bee‐













an	 important	 micro‐habitat	 in	 European	 beech	 forests,	 hosting	 a	
rich	 fauna	 (estimated	 ~600	 arthropod	 species).	 However,	 the	 ar‐
thropod	 communities	 included	 about	 30	 dominant	 species	 which	
occurred	at	most	sites	across	Europe	and	can	be	considered	typi‐
cal	 for	 fruitbodies	 of	 F. fomentarius.	 Moreover,	 there	 was	 a	 large	
number	of	species	 that	use	F. fomentarius fruitbodies	occasionally.	
The	 latter	group	 includes	 fungicolous	species	using	a	wider	 range	
of	 fungal	hosts	 (e.g.,	Bolitophagus interruptus,	Coleoptera,	which	 is	
more common on Ischnoderma spp.),	species	that	feed	on	white‐rot‐
ten	wood	 (e.g.,	Corymbia scutellata, Coleoptera)	 or	 fungal	mycelia	
and	 species	 that	 use	 cavities	 inside	 fruitbodies	 simply	 for	 shelter	




1,800	km	 in	 latitude	 and	 3,000	km	 in	 longitude),	 beta	 diversity—
which	was	characterized	by	high	 turnover—was	not	 structured	by	
drivers	associated	with	space,	the	biogeography	of	F. sylvatica and 
habitat	 amount.	 Moreover,	 increasing	 nestedness	 and	 decreasing	
TA B L E  1  Z‐values	and	explained	deviance	of	generalized	linear	models	(quasipoisson	family)	with	the	number	of	species	of	all	species	or	
within	guilds	as	response	variables.	Significant	effects	are	indicated	by	bold	typesetting.	PC1	and	PC2	refer	to	the	first	two	axes	of	the	
respective	principal	component	analyses	of	temperature	or	precipitation	variables	(see	Methods	section)
Predictor set Predictor All species Fungi specialists Consumer Predator Parasitoids
Space Latitude −1.36 −1.98** −1.70** −0.08 −0.93
Longitude −1.77** −2.12* −1.82** −1.08 −0.34
Climate Temperature	(PC1) −1.72** −1.90** −1.92** −0.48 −1.00
Temperature	(PC2) −0.82 −0.79 −0.43 −1.24 0.31
Precipitation	(PC1) −1.41 −1.30 −1.57 −0.68 −0.01
Precipitation	(PC2) −0.31 0.13 −0.45 0.74 −1.49
Habitat	amount Forest	cover 1.26 0.94 1.45 0.13 −0.13
Sample	size 1.75** 2.20* 1.55 2.20* 0.17
Explained	deviance 0.20 0.26 0.22 0.16 0.06
Note. aSignificance	levels:	*p	<	0.05,	**p < 0.1 
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alpha	diversity	 towards	 the	east	 follow	not	 the	 continental	 gradi‐
ent	of	increasing	land	use	intensity	from	the	Carpathians	to	western	
Europe.
Post‐glacial	 dispersal	 lags	 have	 been	 identified	 as	 one	 of	 the	









an	 increased	 rate	 in	 turnover	 with	 increasing	 latitudinal	 distance:	




communities	 of	 arthropods	 occurring	 in	F. fomentarius	 fruitbodies.	




and	 6	 –	 7.5	mm,	 respectively;	 Wagner	 &	 Gosik,	 2016)	 of>30	km	
and>100	km,	 respectively	 (Jonsson,	 2003).	 Additionally,	 there	 is	
evidence	that	the	genetic	distance	of	fungivores	does	not	increase	
with	 geographic	 distance,	 indicating	 the	 absence	 of	 dispersal	 lim‐
itation	 (Kobayashi	 &	 Sota,	 2016).	 Another	 possible	 explanation	 is	














Response matrix Predictor set Predictor
I‐spline
Sum of 
coefficients P1 2 3
Overall	beta Space Latitude 0.155 0.007 0.003 0.165 0.11
Longitude 0 0.067 0 0.067 0.42
Climate Temperature	(PC1) 0 0 0 0 0.99
Temperature	(PC2) 0.017 0 0 0.017 0.68
Precipitation	(PC1) 0 0 0 0 0.99
Precipitation	(PC2) 0.061 0 0 0.061 0.35
Habitat	amount Forest	cover 0 0.016 0 0.016 0.73
Sample	size 0.12 0 0 0.12 0.24
Turnover Space Latitude 0.116 0 0.054 0.170 0.24
Longitude 0 0 0.082 0.082 0.46
Climate Temperature	(PC1) 0 0 0 0 0.99
Temperature	(PC2) 0.004 0 0.030 0.034 0.65
Precipitation	(PC1) 0 0 0 0 0.99
Precipitation	(PC2) 0 0 0 0 0.99
Habitat	amount Forest	cover 0 0.018 0.001 0.019 0.73
Sample	size 0.121 0 0 0.121 0.25
Nestedness Space Latitude 0.001 0 0 0.001 0.70
Longitude 0.132 0 0 0.132 0.07
Climate Temperature	(PC1) 0.013 0 0 0.013 0.51
Temperature	(PC2) 0 0 0 0 0.98
Precipitation	(PC1) 0.010 0 0 0.010 0.57
Precipitation	(PC2) 0.018 0 0 0.018 0.47
Habitat	amount Forest	cover 0.05 0 0 0.05 0.27
Sample	size 0 0 0 0 0.97
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A	gradient	of	decreasing	anthropogenic	pressure	from	western	to	
eastern	Europe	explains	why	many	specialist	species	of	old‐growth	
forests	 have	 become	 rare	 or	 extinct	 in	western	 Europe	 (Eckelt	 et	
al.,	;	Ódor	et	al.,	2006;	Speight,	1989).	We	thus	expected	to	find	an	
increase	 of	 fungicolous	 arthropod	 alpha	 diversity	 with	 increasing	
longitude,	 but	 in	 fact	we	 observed	 a	weak	 decrease.	Additionally,	
we	found	a	marginally	significant	increase	in	compositional	dissim‐
ilarity	 due	 to	 nestedness	 with	 increasing	 longitudinal	 distance	 of	
the	 overall	 arthropod	 community.	However,	 the	 rate	 of	 change	 in	
composition	due	to	nestedness	was	highest	at	low	longitudes,	while	
explanatory	 power	 was	 low	 and	 nestedness	 did	 not	 account	 for	
more	than	4%	of	compositional	dissimilarity	 (Table	2).	For	beetles,	



















Environmental	 filtering	 by	 climatic	 drivers	 is	 often	 an	 import‐




tures	 (Schowalter,	 2006).	 However,	we	 found	 a	marginally	 signifi‐
cant	negative	effect	of	temperature	on	alpha	diversity.	One	possible	







ers	 of	 biodiversity	 (Fahrig,	 2013;	 MacArthur	 &	Wilson,	 1967).	 In	
Europe,	 human	 activities	 over	millennia	 have	 reduced	 the	 forests	
and	 features	 of	 old‐growth	 stands	 (overmature	 and	 dead	 trees),	
which	has	led	to	a	decline	of	many	saproxylic	insects	(Seibold	et	al.,	
2015).	Forest	cover	 is	only	a	coarse	proxy	 for	 the	amount	of	hab‐
itat	 available	 to	 species	 associated	with	dead	wood	or	 fruitbodies	
of	F. fomentarius,	as	the	amount	of	their	actual	habitat—dead	wood	
or	fruitbodies	of	F. fomentarius,	respectively—can	vary	considerably	
within	 beech	 forests	 depending,	 for	 example,	 on	 current	 forest	
management	(Abrego	et	al.,	2015;	Bässler,	Ernst,	Cadotte,	Heibl,	&	




beetles	 to	 increase	with	 forest	 cover	 (700	m	 radius	 around	 sites).	
Consistent	with	results	of	earlier	studies	that	found	a	positive	effect	














stages	 of	 decomposition	 within	 and	 among	 fruitbodies	 (Dajoz	 et	
al.,	 1966)	 similarly	 as	 shown	 for	 coarse	woody	 debris	 (Seibold	 et	
al.,	2016).	Concerning	community	composition,	only	the	total	beta	
diversity	 and	 turnover	 component	 of	 predatory	 arthropods	were	
affected	 by	 sample	 size.	 However,	 abundance‐based	 dissimilarity	
in	 community	 composition	 of	 beetles	 was	 affected	 by	 longitude	
and	 sample	 size.	 Here,	 dissimilarity	 due	 to	 abundance	 gradients	
(analogous	 to	 nestedness)	 increased	 with	 sample	 size.	 Overall,	
this	 indicates	 that	 local	 habitat	 amount	 is	 an	 important	 driver	 of	
alpha	diversity	of	fungicolous	arthropod	communities	and,	at	least	






A,	 has	 been	 suggested	 to	 be	 prevalent	 on	 European	 beech	while	
the	other,	 termed	genotype	B,	 is	 additionally	 found	on	other	host	
species	(Judova	et	al.,	2012).	Our	genetic	analysis	of	F. fomentarius 
supports	 this,	 as	 all	 but	5	of	36	of	our	 samples—all	 sampled	 from	
European	beech—belonged	to	genotype	A.	Nevertheless,	the	occur‐
rence	of	genotype	B	on	European	beech	in	the	Pyrenees,	southern	















proportions	of	variation	 in	alpha	diversity	most	of	 the	variation	 in	
the	community	composition	of	arthropods	occurring	 in	fruitbodies	
of	 F. fomentarius remained	 unexplained.	 Although	 explaining	 the	
full	 variation	 in	 community	 composition	was	beyond	 the	 scope	of	
this	 study,	 these	 results	 appear	 surprising.	 We	 suggest	 three	 di‐
rections	 for	 future	 studies.	 First,	 future	 studies	 investigating	 the	
community	 composition	 of	 arthropods	 occurring	 in	 fruitbodies	 of	
bracket	fungi	should	focus	on	factors	driving	community	composi‐





could	 investigate	 the	 effects	 of	microclimate	 as	mediated	by	 can‐
opy	openness	and	forest	successional	stage,	which	were	shown	to	
generate	large	differences	in	community	composition	in	saproxylic	
organisms	 (Hilmers	 et	 al.,	 2018;	 Seibold	 et	 al.,	 2016).	 Second,	 fur‐
ther	studies	need	to	 include	arthropod	communities	 in	 fruitbodies	














Considering	 the	 responsibility	 of	 European	 countries	 to	 protect	
biodiversity	in	this	ecosystem,	we	recommend	making	the	promo‐



















to	 track	F. fomentarius populations	 recolonizing	 suitable	 habitats	
due	 to	 their	 high	 dispersal	 ability	 (Vandekerkhove	 et	 al.,	 2011;	
Zytynska	et	 al.,	 2018).	 In	 addition	 to	positive	effects	on	 species	
associated	with	 its	 fruitbodies,	 promoting	F. fomentarius will po‐
tentially	 help	 to	 restore	 fundamental	 ecosystem	 processes	 and	
natural	 forest	dynamics	 in	beech	 forests	as	 it	 is	 the	primary	de‐
composer	of	beech	wood	and	an	 important	agent	of	 tree	senes‐
cence	 and	 death.	 Species	 associated	 with	 broadleaf	 dead	 wood	
and	sunny	conditions	in	forests	may	also	benefit	from	gaps	created	
when	 beech	 trees	 are	 killed	 by	 F. fomentarius. As	 F. fomentarius 
provides	habitat,	shapes	further	habitat	characteristics	and	drives	
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